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ABSTRACT 
In typical Andean arc magmas, amphibole appears as a phenocryst phase only after considerable differentiation. However, some near-primitive 
volcanic rocks (high-Mg andesites and basalts) from monogenetic centers in the Puna plateau of Argentina also contain amphibole phenocrysts, 
implying special conditions of hydrous magma generation in this back-arc setting. This study documents typical examples from Southern and 
Northern Puna regions and uses the major and trace-element compositions of amphibole to constrain a petrogenetic model for the hydrous 
magmas. 
There are significant differences in the nature of amphiboles and their host lavas depending on location of the volcanic centers in the 











and occur in an assemblage with olivine and pyroxene. The amphibole compositions are relatively Al- and Ti-poor compared to the Northern 
Puna. Thermobarometry indicates amphibole crystallization temperatures of 960-1000 °C at moderate pressure (< 5 kbar). In contrast, the mafic 
lavas from centers in the Northern Puna show Sr/Y ratios lower than 20 and amphiboles in these rocks coexist with a plagioclase-orthopyroxene 
assemblage. The Northern Puna amphiboles have higher Ti and Al contents than those in the southern region and the thermobarometry estimates 
imply generally higher crystallization temperatures (>1000 °C) and pressures (6-8 kbar). Furthermore, the chemical composition of amphibole 
phenocrysts in the Northern Puna Campo Negro center suggests an alkaline affinity of the parental magmas which, together with radiogenic 
isotope data from earlier studies, indicates a significant contribution of the enriched lithosphere in the magma source.  
The new data collectively suggest high pressure evolution of hydrous magmas in the Southern Puna, whereas the Northern Puna magmas 
underwent more differentiation at higher levels in the crust. This contrast in the evolution history of magmas below both regions can be connected 
with their position relative to partial melting zones in the mid-upper crust, which are larger and longer-lived in the north than in the south, thus 
favoring a slower ascent of magmas in that region.  
INTRODUCTION 
Monogenetic mafic volcanism in the Puna plateau is of great importance because its products are close representative for primary, mantle -
derived magmatism in this region (Kay et al., 1994; Risse et al., 2013; Ducea et al. 2013; Murray et al., 2015; Maro et al., 2017a). They 
provide an estimate for one of the fundamental ―ingredients‖ needed to form the hybrid silicic andesite to dacitic magmas that domina te 
the Central Volcanic Zone (CVZ). The main geological and compositional features of mafic volcanism in the Puna region have be en 











primitive rocks (trachybasalts, basalts, high-Mg basaltic andesites and trachy-basaltic andesites). Amphibole phenocrysts typically occur in the 
compositionally more evolved andesitic and dacitic rocks. For example, the study of basaltic andesite to dacite rocks from 12  volcanic 
centers in the western Cordillera by Trumbull et al. (1999) found primary amphibole only in sample s with more than 58 wt.% SiO2. 
However, there are exceptional cases of amphibole-bearing mafic lavas with chemical properties close to primitive magmas (e.g., high Ni and Cr 
contents, high Mg#). Most of them classify as Mg-rich basaltic andesites and andesites, but amphibole-bearing basalt is also known as enclaves in 
andesite from the Cerro Negro center, Northern Puna (Presta and Caffe, 2014). The implication of amphibole in these near-primitive rocks is that 
the parental magmas were hydrous, which is unusual for the otherwise ―dry‖ back-arc setting. None of the localities was documented in detail 
before, which motivated the study presented here. Samples were investigated from three monogenetic centers, two in the Southern Puna (Pasto 
Ventura field and Carachipampa complex), and one (Campo Negro) in the Northern Puna (Fig. 1). Important for the regional context of this study 
are the detailed geochemical-petrogenetic studies on the mafic magmatism in the Southern and Northern Puna regions (see below), as well as 
geophysical data that constrain crustal thickness and density variations in the two regions (Yuan et al., 2002; McGlashan et al. 2008).  
We present detailed petrographic descriptions and bulk-rock geochemical analyses of the amphibole-bearing mafic lavas, as well as the 
major-element composition of the amphiboles and associated phenocryst phases. These data are the basis for themobarometric estimates to 
crystallization conditions. In-situ trace element analyses of amphibole constitute the first data of this kind for the Neogene magmatism in the Puna. 
The combined information is used to constrain the origin of hydrous mafic magmatism in the southern and northern segments of the Puna plateau 
and to assess differences between them.  










endowment in arc magmas and their role in formation of porphyry Cu deposits. Theoretical studies suggest the importance of deep-level magma 
generation (thick crust, high Sr/Y ratios) with significant initial water contents and particular conditions of magma storage and evolution in the 
crust (e.g. Chiaradia and Caricchi, 2017; Lee and Tang, 2020). The volcanic centers featured here are not mineralized and they are younger than 
the known Cu deposits from the region. Nevertheless, these rocks are possible proxies for the hydrous, mafic precursor magmas postulated for the 
porphyry systems in the Central Andes backarc but rarely, if ever, observed (e.g., Halter et al., 2004; Mazzuoli et al., 2008; Stremel, 2016). 
Therefore, we also determined the copper concentrations in the amphibole phenocrysts and discuss the results in terms of magmatic Cu contents 
and their potential significance for understanding Cu mineralized systems in the Puna region.  
GEOLOGICAL BACKGROUND 
The Puna (22°S - 26°S) is a wide, arid, area of high elevation that develops, together with the Altiplano of Bolivia and Peru, the Central Andean 
Plateau. The Puna is divided into a Northern and Southern region based on the different geologic characteristics recognized between them 
(Alonso and Viramonte, 1987). The two are delimited by the Calama-Olacapato-El Toro lineament, a master structure that is transverse to the N-S 
oriented volcanic arc and the main thrust faults (Fig. 1). Differences between these regions include crustal thickness, which attains its minimum in 
the Northern Puna and Altiplano plateau (~ 45 km) and is up to 20 km thicker in the Southern Puna (Yuan et al., 2002; McGlashan et al. 2008). 
Other variations of the Puna plateau from north to south are an increase of the average elevation, a lessening of the subduction angle, and changes 
in the geology of the pre-Andean basement from early Paleozoic sedimentary sequences in the north to igneous and high-grade metamorphic 
basement in the south (Allmendinger et al., 1997; Yuan et al., 2002; Heit et al., 2008; Prezzi et al., 2009). 










stratovolcanoes and silicic domes (Coira et al., 1993; Caffe et al., 2002), extensive and voluminous high-K dacitic and minor rhyolitic 
ignimbrites (e.g., Kay et al., 2010), and monogenetic mafic centers (Risse et al., 2013; Guzmán et al., 2006; Maro and Caffe, 2016; 2017). A 
particular feature of Neogene volcanism is the presence of one of the largest caldera-sourced ignimbrite provinces in the world: the Altiplano-
Puna Volcanic Complex or APVC (de Silva, 1989; Kay et al., 2010; Salisbury et al., 2010), that occupies extensive areas in the Northern Puna 
and Southern Bolivian Altiplano.  
 The Puna plateau has been well studied geophysically, and these studies have documented a mid-crustal zone with low seismic velocity 
and high electrical conductivity beneath the APVC which is suggested to represent an active zone of partial melting (Chmielowski et al., 1999; 
Zandt et al., 2003; Schilling et al., 2006; Ward et al., 2014). This is referred to as the Altiplano-Puna Magma Body or APMB. A similar 
geophysical anomaly is found in the Southern Puna near the Cerro Galán caldera complex, but it is smaller and deeper, being located in the lower 
crust and upper mantle (Ward et al., 2014; Beck et al., 2015). Seismic tomography images of the mantle wedge beneath the Central Andes show a 
complex velocity distribution, which many workers attributed to lithosphere delamination and upwelling of asthenosphere (e.g., Schurr et al., 
2006; Bianchi et al., 2013). The role of lithospheric delamination as a trigger of the Puna back arc magmatism is a widely accepted hypothesis 
(Kay et al., 1994; Risse et al., 2013; Murray et a., 2015; Maro et al., 2017a), although there are differences of opinion on the mantle source that 
was the major contributor to partial melting (e.g., Murray et al., 2015 vs. Maro et al., 2017a). 
The Puna plateau and adjacent parts of the Eastern Cordillera and northernmost Pampean Ranges are host to several Cu (±Mo, ±Au) porphyry 
deposits and occurrences (e.g., Taca-Taca, Inca Viejo, Las Burras, Pancho Arias, Río Grande, Bajo de la Alumbrera; see Fig. 1). These are related 











Neogene monogenetic volcanism and features of the amphibole-bearing centers  
The Neogene mafic volcanism in the Puna region comprises monogenetic volcanoes of small size that occur either as isolated centers or as 
clusters which form larger volcanic fields, the latter type being more numerous in the Southern Puna than in the north (Maro and Caffe, 2017; 
Báez et al., 2017; Maro et al., 2017b; Filipovich et al., 2019). Another contrast between these two regions is that the age of volcanism is 
somewhat younger in the south than in the north (Pliocene-Holocene vs. Upper Miocene-Lower Pliocene, respectively) (Kay et al., 1994; Risse 
et al., 2008; Maro and Caffe, 2017), where centers are notably more eroded (Maro and Caffe, 2017). The Southern Puna centers of interest in this 
paper, Pasto Ventura and Carachipampa, formed over a time span between at least ~0.75 and ~0.27 Ma (Risse et al., 2008; Zhou et al., 2013). 
The Northern Puna Campo Negro center has not been dated directly, but its age is constrained to be late Miocene to early Pliocene based on an 
overlying ignimbrite that correlates with pyroclastic deposits of the Convento-Coyaguayma volcano (Seggiaro, 1994). Those deposits are between 
about 6.5 and 2 Ma based on the underlying Las Termas Ignimbrite (6.45 ± 0.15 Ma: Seggiaro, 1994) and the overlying lava of the Campanario 
volcano (2.03 ± 0.07 Ma: Aquater, 1979).  
 The products of Puna mafic volcanism in both the Southern Puna and Northern Puna regions are mostly olivine + clinopyroxene- or 
orthopyroxene-bearing lavas that classify as calc-alkaline basaltic andesites and high-MgO andesites; basaltic and shoshonitic compositions are 
less common (Risse et al., 2013; Maro et al., 2017a). Amphibole-bearing mafic lavas are extremely rare in the Puna. Effectively, up to now, only 
mafic volcanic rocks collected from Pasto Ventura and Carachipampa localities in the Southern Puna and from Campo Negro in the Northern 
Puna (Fig. 1) have been found to contain amphibole as an important modal component of the lavas.  











features including scoria cones, domes, maars and tuff rings (Fig. 1) (Filipovich et al., 2019). The Carachipampa complex (26°34.3’S- 
67°26.5’W) consists of a cluster of lava flows, lava domes and superimposed, eroded scoria cones (Fig. 1). These volcanic structures are 
associated with a variability of eruptive styles such as effusive, Hawaiian, Strombolian, violent Strombolian and phreatomagmatic (Filipovich et 
al., 2019). Domes are flat-topped and roughly circular (commonly named tortas) or coulèes. All the volcanic products have slight compositional 
difference from basaltic andesite to basaltic trachyandesite to trachyandesite (Filipovich et al., 2019). In thin section, lavas associated with scoria 
cones have a porphyritic vesicular texture with phenocrysts of anhydrous minerals only, whereas the lava domes show porphyritic texture with 
ubiquitous clinopyroxene and variable amounts of orthopyroxene, olivine and amphibole phenocrysts embedded in an intersertal to pilotaxitic 
groundmass. A common feature of the Pasto Ventura samples is the presence of quartz xenocrysts showing embayments rimmed with 
clinopyroxene.  
The Campo Negro eruptive center (23°3.6’S-66°38.8’W), in the Northern Puna, is a solitary, highly eroded scoria cone of 150 m in 
diameter and 20 m high, from which at least 4 andesitic flows extend toward the southeast, north, east and northeast (Fig. 1). The lavas contain 
phenocrysts of amphibole, plagioclase, two pyroxenes and oxides in a pilotaxitic groundmass. A unique feature of the Campo Negro center 
compared to the other monogenetic volcanoes from the Northern or Southern Puna, is the presence of amphibole-bearing basaltic enclaves up to 3 
cm long (Presta and Caffe, 2014). 
METHODOLOGY 
Bulk-rock major and trace element concentrations were obtained by X-ray fluorescence (XRF) in the Instituto de Geología y Minería, 











homogenized rock powders were fused with a lithium tetraborate flux for major element analyses. Trace elements Ba, Sr, Rb, Zr, Nb, Hf, Y, Th, 
and U were analyzed on pressed powder discs with a methyl methacrylate binder. The XRF intensities were converted to concentrations using 
reference standards from the US Geological Survey and the Japanese Geological Survey. Other trace and rare earth elements (REE) were 
determined in a selection of 11 samples by lithium metaborate/tetraborate fusion and ICP-MS analysis in the ALS-Chemical laboratories. 
Samples were fused, diluted and analyzed by Perkin Elmer Sciex ELAN 6000, 6100 or 9000 ICP/MS. Three blanks and five analyses of control 
standards (three before the sample group and two after) were analyzed per group of samples. The whole rock geochemistry data for the CN09 
(Campo Negro) samples were previously presented in Maro et al. (2017a), except for Cu analysis. The full geochemical data set is given in 
Table 1. 
 Mineral compositions were determined in situ on polished thin sections (thickness 100 µm) of a selection of 7 samples using a JEOL 
JXA-8230 electron microprobe at the GFZ Potsdam, employing wavelength dispersive spectrometers. The microprobe was operated at 15 kV 
accelerating voltage and a beam current of 15 nA, with a fully- focused (ca. 1 micron) beam for clinopyroxene and olivine. Plagioclase was 
analyzed using a defocused 5 micron beam and Na was measured first in the sequence to minimize alkali loss. The conversion of measured 
intensities to concentrations was based on natural and synthetic mineral standards after correction using the PAP method (Pouchou & Pichoir, 
1987). Amphibole classification was defined following the recommendations of the International Mineralogical Association (IMA) described in 




T8O22(OH)2, and using the Excel spreadsheet of Ridolfi et al. 
(2010). Given the uncertainty about the H2O and halogen contents, the mineral formulae were calculated on a 23-oxygen-atom basis assuming 











 In situ trace element concentration in amphibole, plagioclase and pyroxene were analyzed by laser ablation inductively coupled 
plasma mass spectrometry (LA- ICP-MS) at the GFZ Potsdam, using 3 of the same polished thin sections as for EMPA analyses. The instrument 
is a custom-built deep-UV (196 nm) femtosecond laser ablation (fsLA) system (GFZ fem2), comprising a frequency-quadrupled Spectra Physics 
Solstice femtosecond laser ( see Schuessler and von Blanckenburg, 2014, for technical details). The aerosol was transported into the ICP-MS 
(Thermo Fisher Scientific iCAP) using helium as carrier gas. The fsLA beam has a Gaussian energy distribution, thus the laser beam (ca. 28 µm in 
diameter) is continuously scanned over a small area (50x100 µm) on the samples rather than a single spot analysis. ICP-MS and fsLA were tuned 










Th below 0.7%. Instrument settings 
for fsLA and ICP-MS are reported in Supplementary Data Electronic Appendix (Table S1). Data evaluation for chemical composition analysis 
was carried out in StalQuant, a Python-based program developed at the ETH Zürich (Fricker, 2012) and modified to allow direct import of iCAP-
Qc data. NIST SRM610 was used as the external standard, while differences in the ablation yield were corrected using a 100% weight oxide 
approach (Liu et al., 2008). Reference values for standard reference materials were taken from Jochum et al. ( 2011) and the GeoReM 
database (Jochum et al., 2005). Uncertainty for the elements is estimated from repeated determination of NIST612, BHVO-2G, ATHO-G, ML3B-
G, and GOR132-G. Results not reported were below the limit of quantification (LOQ) as estimated following Longerich et al. (1996). 
Representative results of mineral compositions are shown in Tables 2 and 4, and complete data are given in Supplementary Data Electronic 
Appendix (Tables S2-S9). 
RESULTS 











The lavas from the Southern Puna centers Carachipampa (C) and Pasto Ventura (PV), and those from Campo Negro (CN) in the Northern Puna 
classify as high-K calc-alkaline andesites (Fig. 2A and B) with a narrow range of SiO2 (57-59 wt.%) and 5 to 6 wt.% MgO (Table 1). The 
samples from all centers overlap on the total alkali-silica diagram (Fig. 2B) but those from the Southern Puna centers (C, PV) have higher alkali 
contents and plot close to the trachyandesitic field while some samples from the Northern center CN plot in the basaltic andesite field. All samples 
have high magnesium numbers [Mg# = 100*Mg/(Mg + Fe)] (> 60) and can be classified as Mg-andesites (Wood and Turner, 2009). 
Moreover, their Ni (50-140 g/g) and/or Cr contents (240–390 g/g) are in the range of near-primitive mantle-derived magmas (Blatter and 
Carmichael, 1998; Straub et al., 2008). An exceptional sample, with basaltic composition (Fig. 2) is from enclaves in the Campo Negro lavas. The 
sample has 50.4 wt.% SiO2 and 8.9 wt.% MgO, and it shares the high-K calc- alkaline signature of the andesites, plotting at the border to the 
shoshonite field on Fig. 2A.  
The multielement diagram of Fig. 3A shows pronounced negative Nb and Ta anomalies relative to Ba and La, which is typical for arc 
magmas. Chondrite-normalized rare-earth elements patterns (Fig. 3B) show, in general, higher LREE enrichment with respect to HREE and 
moderate negative Eu anomalies (Eu/Eu* = 0.6 - 0.7). There are notable differences between rocks from the northern and southern Puna 
regions. The Southern Puna amphibole-bearing samples show lower values of HREE (Fig. 3B), reflected by their high La/YbN (23-25) ratios, 
whereas the Northern Puna mafic rocks have lower La/YbN (8-15) values. Another contrast is shown by Sr and Y concentrations. The Southern 
Puna andesites have higher Sr contents than those from the north (~800- 900 g/g against <500 g/g: Fig. 3C), and lower Y contents (20-22 g/g 
against 25-35 g/g: see Fig. 3D). This distinction in Sr and Y values is expressed in contrasting Sr/Y ratios, which are higher in the Southern Puna 











southern Puna samples are between 37 and 54 g/g, compared with 25 g/g in Campo Negro from the Northern Puna (Table 1). These values are 
consistent with bulk-rock Cu values for other arc and back arc rocks in the Central Andes (e.g., Deruelle, 1991; ; Trumbull et al., 1999; Drew et 
al., 2009; Ducea et al., 2013) and with the globally averaged continental crust (30 g/g, Rudnick and Gao (2003)). 
Petrography  
Samples from Carachipampa are gray, massive rocks with about 30 vol. % micro- (< 0.5 mm) to phenocrysts (> 0.5 mm) comprising olivine 
(45%), clinopyroxene (35%) and amphibole (20%). The groundmass is very fine-grained and displays intersertal to pilotaxitic textures. The 
amphibole (up to 2 mm) is skeletal in shape (Fig 4A) and has thick opaque reaction rims (up to 70 µm thick). Locally, partial resorption of the 
core was observed in some grains. Olivine and clinopyroxene commonly appear as subhedral crystals. Clinopyroxene grains regularly show 
moderate to strong resorption in the rims. They can occur in monomineralic grain clusters, locally with fine, acicular microlites of orthopyroxene. 
Spinel inclusions are common in all the microphenocryst phases. 
 The Pasto Ventura andesites are poorly vesiculated, gray to reddish rocks, with common textural banding and composed of about 20 vol. 
% phenocrysts comprising amphibole (80%), clinopyroxene (18%) and orthopyroxene (2%) in an intersertal to pilotaxitic groundmass. Anhedral 
and partially reabsorbed quartz xenocrysts and xenoliths of quartzite are common, as was reported for olivine-bearing or orthopyroxene-bearing 
lavas from the Puna (Risse, et al., 2013; Maro and Caffe, 2016; Maro et al., 2017a). The amphibole in these rocks shows a variety of different 
textures and morphologies. One group (Fig. 4B) forms large skeletal (subhedral to anhedral) crystals up to 3 mm in size that show strong 
resorption, mainly at the edges, optical and compositional zoning (oscillatory and reverse), and opacitization on rims and along fractures (up to 










comprises homogenous micro- to phenocrysts with thin, very fine grained reaction rims (< 8 µm). Last, a third group involves smaller grains 
where breakdown textures are pervasive. Clinopyroxene is the most abundant pyroxene. It occurs as euhedral to subhedral microphenocrysts, 
commonly with skeletal shapes and strongly resorbed margins. The subordinate orthopyroxene grains are also commonly skeletal, locally rimmed 
by clinopyroxene, but there are also some large, anhedral crystals of orthopyroxene, probably of xenocrystic origin. A characteristic feature of the 
Pasto Ventura samples is the presence of amphibole rims around orthopyroxene phenocrysts (Fig. 4C) where both minerals have the same 
composition as the individual phenocrysts.  
 The Campo Negro lavas are dark gray banded porphyritic rocks which are distinctive because of the common presence of amphibole-
rich basaltic enclaves - the only true basalts known in the Northern Puna (Presta and Caffe, 2014; Maro et al., 2017a). Xenoliths of quartzite are 
also present in these rocks. Microscopically, the CN lavas are characterized by about 25 vol. % phenocrysts comprising orthopyroxene (40%), 
plagioclase (25%), amphibole (25%) and clinopyroxene (10%). Groundmasses are pilotaxitic to intersertal. Phenocrysts of amphibole (up to 1 
mm) are generally subhedral, sub-rounded, and show opacite rims typically around 30 µm thick (Fig. 4D). Plagioclase shows disequilibrium 
textures including fine resorption and oscillatory zoning. Locally, small inclusions of amphibole are present. The orthopyroxene and 
clinopyroxene form subhedral, colorless crystals that show resorption at the edges. The first typically occurs in clusters of medium grain size. 
Both amphibole and orthopyroxene crystals contain spinel inclusions. Amphibole also locally includes relics of orthopyroxene in the cores (Fig. 
4E), as described in the Pasto Ventura samples above.  
 The Campo Negro basaltic enclaves are 3 cm in size on average, rounded and with sharp contacts with the host andesite. They have 











crystallinity and contains more vesicles (Fig. 4F). The amphibole in these mafic enclaves occurs as euhedral and elongated grains. 
Orthopyroxene is subhedral and contains abundant opaque inclusions, and plagioclase forms euhedral phenocrysts with a very th in 
reabsorption zone in the interior. The groundmass is characterized by the large amount  of opaque microlites.  
Mineral compositions 
Pyroxene 
In all centers where they are present, orthopyroxene is enstatitic in composition (En81-88Wo1-3 Fs10-16) and clinopyroxene classifies as augite 
(En37-52Wo34-47 Fs8-17). Almost all crystals analyzed are Mg-rich (Mg# 72 to 88) and show modest Cr contents (up to 0.74 %) (Table 2). In the 
Carachipampa and Campo Negro samples, both orthopyroxene and clinopyroxene phenocrysts show only weak normal zoning (1 mol % En 
decrease from core to rim). In the Pasto Ventura samples, clinopyroxene exhibits reverse zoning with an increase of MgO contents from the core 
outward (Fig 5A).  
 Trace element concentrations and inter-element ratios in clinopyroxene phenocrysts from the Southern Puna samples (CP and PV) 
reflect some of the main characteristics shown by bulk-rock compositions. In detail, Sr is moderately high (Supplementary material, Table S3) 
as well as clinopyroxene REE patterns show slight negative Eu anomalies and modest to strong depletions in HREE (as shown by Nd/Yb=10-
20) (Fig. 5B). The trace element distribution patterns are similar to those shown by the clinopyroxene phenocrysts comprised in mafic rocks 
with anhydrous assemblages from Southern Puna (see Risse et al., 2013), although LREE to MREE are more enriched in the amphibole-












Olivine compositions from Carachipampa andesites show high Fo (Fo80-87) in the cores (Table 2, Supplementary material, Table S4). There is 
typically a weak normal zonation, i.e. decreasing forsterite component (Fo) toward the rims (2-4 mol % lower Fo). The average olivine core 
compositions in each sample are at, or close to, equilibrium with the bulk rock based on the experimental KD
Fe/Mg 
value of ca. 0.3 (e.g., Roeder and 
Emslie, 1970). Minor constituents in olivine such as CaO and Cr2O3 are in 0.10 wt % and 0.02 wt.%, respectively (Table 2). High Ni contents (up 
to around 2700 g/g) are widespread (Supplementary material, Table S4), and Ni is well-correlated with the Fo content.  
Plagioclase 
Plagioclase phenocrysts are only present in the Northern Puna Campo Negro rocks, occurring in both the andesite lava and basaltic enclaves. The 
plagioclase has a bytownitic composition with An75 to An78 in the cores (andesite) and An73 to An79 in the enclave (Table 2). The crystals are 
zoned, with about 5 mol. % higher An content in the rims (Supplementary material, Table S5).  
Trace element composition of plagioclase phenocrysts in the basaltic enclave are strongly Sr-rich (~ 1300 g/g) and also show moderate, and 
rather variable, Ba contents (140-250 g/g) (Supplementary material, Table S6). Plagioclase phenocrysts in the host lava were not analyzed for 
trace elements. 
Oxides 
Oxide phases are present in the groundmass in all of the samples studied and in many cases they also occur as inclusions in mafic phenocrysts. The 
groundmass oxides classify as magnetite, like those reported from other Neogene mafic centers in the Puna (Risse et al., 2013; Maro et al., 2017a). 
Importantly, there are systematic differences in TiO2 concentration in the groundmass oxide grains from the different centers: 4-7 wt.% in 











oxide mineral inclusions in phenocrysts also vary among the centers in the same order as shown by the groundmass phases. Thus, oxide inclusions 
in the Pasto Ventura samples have the highest Ti contents (21-34 wt.% TiO2), those from Campo Negro have the lowest values (0.03-0.3 wt.%, 
TiO2) and the Carachipampa oxide inclusions are intermediate. The olivine phenocrysts in Carachipampa andesite contain inclusions of Cr-rich 
spinel [Cr# [Cr/(Cr + Al)] = 0.6-0.7]. Risse et al. (2013) and Maro et al. (2017a) also reported spinel inclusions in phenocrysts of olivine-
bearing mafic andesites in the Southern and Northern Puna, respectively.  
Amphibole  
Amphiboles from all Puna centers studied here belong to the calcic group of Leake et al. (1997) and mostly classify as magnesio-hastingsite. 
Pargasitic compositions are common in Campo Negro samples (both in the cores and the rims), but are found only in the rims of some amphibole 
crystals in Pasto Ventura. For simplicity, these phases will be referred to throughout the manuscript as amphiboles. Two compositional groups can 
be distinguished based on their Ti and Al contents (Fig. 6A). The more widespread of the two is here referred to as low Ti-Al (< 3 wt. % TiO2 and 
< 13 wt. % Al2O3). The high Ti-Al amphiboles are also characterized by higher K (> 1 wt. % K2O) and lower Na (< 2 wt. % Na2O) than low Ti-
Al amphiboles (< 1 wt. %, and > 2 wt. %, respectively). Both high- and low Ti-Al amphiboles have high Mg#, but the latter tends to be lower in 
the high Ti-Al group (71-74 versus 73-77 in the low Ti-Al group) (Table 3). All amphiboles analyzed, from both the high Ti-Al and low Ti-Al 
groups, have low Cl and F contents (typically 0.02-0.04 wt. % Cl and less than 0.1 wt. % F; see Table 3).  
 Regionally, amphibole phenocrysts in the Southern Puna centers (Carachipampa, Pasto Ventura) belong exclusively to the low Ti-Al 
group (Fig 6A). These are similar in composition to amphibole phenocrysts of andesites and dacites from the main arc of the Central Andes 










Northern Puna Campo Negro center and resemble those present in the shoshonitic centers along the Calama-Olacapato-El Toro lineament 
(Derruelle, 1991; see Fig 6A). It is interesting that amphibole in the basaltic enclaves from Campo Negro are exclusively of the high Ti-Al group 
whereas the host lava contains both high Ti-Al amphiboles and some that are transitional between the two main groups (Fig. 6A).  
 In most cases, amphibole phenocrysts and microphenocrysts in a given sample have similar concentrations of Ca, Na, Fe, K, Mn, and 
Mg, with the exception of Ti that varies between lava and enclave crystals, as mentioned before. The Pasto Ventura samples also show some 
special features. In particular, the cores of the large skeletal phenocrysts in Pasto Ventura have higher Mg# than the microphenocrysts, whereas 
the rims are similar to the more frequent phenocrysts. These large crystals can be interpreted as antecrysts that formed prior to the other 
amphiboles, probably from a less-evolved, Mg-rich andesite or basaltic andesite magma (Mg#amp >79; Moore and Carmichael, 1998; Grove 
et al. 2003). This type of amphibole, that is not equilibrated with the host rock, was not included in the thermobarometric analyses below. Most of 
the amphibole phenocrysts are internally homogeneous for the exception of the antecrysts in Pasto Ventura described above and a minor but 
inconsistent zoning in Si contents (ca. 2 wt.% difference in SiO2), also in the Pasto Ventura samples (Table 3). Also, as mentioned above, opacite 
reaction rims are common throughout.  
 The trace element compositions among the low Ti-Al amphiboles (from Southern Puna centers) are similar in all samples studied, but they 
contrast with those of the high Ti-Al amphiboles from the Northern Puna in many ways. For example, the mantle-normalized multielement 
plot (Fig. 6B) reveals higher concentrations of most incompatible elements in the high Ti-Al amphiboles. This is especially true for the large ion 
lithophile elements (LILE), such as Rb and Ba which, like K as mentioned above, are notably enriched in the high Ti-Al group. Despite these 











bimodal distribution of amphibole compositions with respect to the Al and Ti contents is well displayed by the distribution of the Sr/Y values (Fig. 
6C).  
 The chondrite-normalized REE diagram (Fig. 6D) shows convex-upward patterns that are typical for amphibole (Tiepolo et al., 2007; 
Nandedkar et al., 2016). Independent of the REE pattern, the total concentrations of REE in amphibole increase from Pasto Ventura to 
Carachipampa to the Campo Negro center. The distinction is stronger for the HREE than the LREE, which show parallel patterns whereas the 
patterns from MREE to HREE diverge. Negative Eu anomalies are commonly observed in calcic amphiboles, partly because the mineral-melt 
distribution coefficient for Eu (DEu) in amphibole is lower than the values for Sm and Gd (Green and Pearson, 1985; Tiepolo et al., 2007). 
However, the size of the Eu anomaly is not equal in all centers, being largest in the Campo Negro samples, which also show the largest negative 
Eu anomalies in bulk-rock compositions (Fig. 3B).  
 Concentrations of transition metals in amphibole (such as Ni) also show systematic differences between the low and high Ti-Al groups 
(see Supplementary material, Table S9). For example, Ni shows a good positive correlation with amphibole Mg#, hence Ni contents are lower in 
the high Ti-Al amphiboles in comparison with the low Ti-Al amphiboles from the Southern Puna centers (Table 4). Copper concentrations show 
variations between the high Ti-Al and low Ti-Al amphiboles (Fig. 7A). The amphibole in Campo Negro basaltic enclave is poor in this element (4 
to 7 g/g) and shows no variation from core to rim. Copper concentrations are generally higher in the low Ti-Al amphiboles in the Southern Puna 
mafic centers and also more variable. Some of this range may be related to unseen inclusions in the case of obvious outlier values, but we also 
note differences in core and rim concentrations, yet without systematic trends. The total range of values from Carachipampa phenocrysts is 13 to 











50 and 70 g/g).  
Like copper, lithium shows higher concentrations in the low Ti-Al amphiboles from the Southern Puna centers (ca. 100-200 g/g) than in 
the high Ti-Al group (40-55 g/g) (Table 3). The data from the Pasto Ventura and Carachipampa centers define well-developed trends between 
both elements (Fig. 7B) and these trends differ from one sample to another (see figure caption for regression lines a, b, c and d). Samples-specific 
correlation trends between Cu and Li in amphibole in arc andesites was also noted by Chiaradia et al. (2012) from a study of Pilavo volcano, 
Ecuador. Shallower slopes (lower Cu/Li) in that study were found in the more evolved rocks, which were suggested to reflect loss of Cu 
preferential to Li during magma degassing. The systematics of Li and Cu behavior in amphibole was discussed at length by Rowe et al. (2008) in a 
study of Mt. St. Helens dacite. The covariance of these elements across a wide compositional range was related to similarly high rates of diffusion 
in amphibole, allowing both elements to adjust to changing melt compositions during magma ascent and evolution.  
DISCUSSION 
Factors controlling the high- vs. low Ti-Al amphibole groups 
In amphibole, like biotite and many other minerals, Ti contents commonly increase with temperature (Ernst and Liu, 1998), hence, temperature 
variations may partly explain variations in the Ti content of amphiboles. Nevertheless, a more likely factor, that affects both Ti and Al, is the melt 
composition. Molina et al. (2009) found that amphiboles crystallized from alkaline melts tend to have higher Ti and Al contents than those from 
subalkaline systems. Note that the Campo Negro (high Ti-Al) amphibole plots in the alkaline field in Figure 9A, B while Southern Puna 
amphiboles plot in the subalkaline field. In addition, the bulk compositions of Campo Negro lavas and basaltic enclave are significantly enriched 











components contributing to the primary magmas of the Puna mafic centers based on trends of Nd- and Sr initial isotope ratio with MgO. The data 
from Southern Puna centers showed trends consistent with an origin from the depleted mantle wedge. However, samples from the Campo Negro 
center (and other monogenetic volcanoes from Northern Puna) defined a separate trend that suggested an enriched mantle source that Maro et al. 
(2017a) attributed to lithospheric delamination. The production of hydrous magma with alkaline affinity in Campo Negro could thus be explained 
by mixing of primary melts produced from the lithospheric mantle (pyroxenite/eclogite) and from the asthenospheric peridotite (e.g., Straub el et. 
2008).  
The trace element compositions of a melt in equilibrium with amphibole were estimated with the multiple regression approach of 
Humphreys et al. (2019) (see Supplementary material, Table S11). The results indicate that the high Ti-Al amphiboles (Northern Puna) are in 
equilibrium with magmas richer in Nb. High Ba contents in the high Ti-Al amphiboles (> 250 ppm) also indicate enrichment in Ba in the related 
melts. High Ba and Nb are signatures observed in alkaline a rc (Cruz Uribe et al., 2018) and shoshonitic back-arc lavas (Derruelle, 1991; Kay et 
al., 1994).  
Another important difference in the predicted melt compositions from the high Ti-Al and low Ti-Al amphiboles is a contrast in the Sr/Y 
ratios (Fig. 9C). The low Ti-Al-derived melts (corresponding to Southern Puna) have higher Sr/Y values than the other group and the same 
contrast is observed for La/Yb ratios (Fig. 9D). Trace element compositions of the high Ti-Al amphibole from Campo Negro andesite are not 
available to calculate melt Sr/Y ratios, but the bulk-rock Sr/Y ratios in the andesitic rocks are lower than those from the Southern Puna centers (see 
Table 1). This is an important point because a high Sr/Y ratio is commonly considered to indicate relatively high-pressure crystallization and/or 











et al., 2012). Several experimental studies (e.g., Sisson and Grove, 1993; Blatter and Carmichael, 1998; Blatter and Carmichael, 2001; Barclay 
and Carmichael, 2004) showed that dry basalts crystallized at deep- or shallow-conditions saturate with plagioclase early, while more than 3 wt.% 
of H2O in the melt inhibits the crystallization of plagioclase as a phenocryst in magmas at crystallizing mid- to lower crustal pressures. Amphibole 
is stabilized in hydrous, high-pressure magmas and its crystallization causes depletions in Y and HREE (Macpherson et al., 2006; Alonso-Pérez 
et al., 2009; Richards, 2011). These two factors will contribute to high Sr/Y ratios. A suppression of plagioclase crystallization for the Southern 
Puna magmas is consistent with the lack of plagioclase phenocrysts and the relatively high Sr contents. On the other hand, plagioclase (with An<90) 
is a phenocryst phase in the Northern Puna lava and enclaves, and there are geochemical signs of plagioclase fractionation in bulk rock, including 
lower Sr contents and well-developed Eu anomalies. This might suggest less hydrous parental melts and/or shallower magma evolution than in the 
Southern Puna centers (Sisson and Grove, 1993; Müntener et al., 2001). 
Amphibole-melt equilibria and crystallization conditions 
Maro et al. (2017a) calculated mineral-melt equilibrium P-T conditions for two samples from the Northern Puna (Campo Negro CN09-2 and CN09-
5) containing orthopyroxene and plagioclase microphenocrysts. The orthopyroxene-melt results (Putirka, 2008) indicate 1238 to 1270°C and 0.7 to 8 
kbar, plagioclase-melt temperature estimates were 1122 to 1158°C, consistent with the later appearance of that mineral in the crystallization 
sequence of crystallization. That study reported 1000°C and 5 kbar from amphibole-melt equilibria based on Ridolfi et al. (2010). In this paper we 
expand on the work of Maro et al. (2017a) by focusing on amphibole-melt equilibria, adding more data that is filtered for equilibrium compositions, 
and also comparing different calibrations. No previous work was done on amphibole crystallization conditions in the Southern Puna centers.  











compositions with respect to the host rocks. Crystal rim compositions were rejected because of the common reaction textures (see Fig. 4). Core 
compositions were tested for equilibrium by comparing the host-rock SiO2 content with the values predicted for a silicate melt in equilibrium with 
calcic amphibole (Ridolfi and Renzulli, 2012; Putirka, 2016). The observed and predicted values agreed within the mean error of ± 3.6 wt. % SiO2 
in several samples from Carachipampa (Tables 3 and 5). Deviations from equilibrium predict more silicic liquids (dacitic) than observed, a 
common result for amphibole in the Pasto Ventura samples. In the Northern Puna Campo Negro samples, amphibole compositions are commonly 
in equilibrium with the respective andesite lava or basalt enclave whole rock. However, there are also cases where the predicted melt SiO2 for 
amphibole from andesite lava is lower by 5 to 10 wt. % than the host rock composition and close to that of the basaltic enclave, whereas the 
opposite is true for some amphiboles from the enclave. This suggests a probable interchange of amphibole crystals between the basaltic magma 
and the andesitic host during magma mingling. For the application of thermobarometry we consider as suitable only core compositions from 
amphibole crystals whose calculated melt SiO2
 
differs by no more than the 3.6 wt.% from the SiO2 content of the host rock.  
 Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) provided equations for calculating intensive parameters of crystallization from 
amphibole composition, which are calibrated for a large compositional range from mafic to intermediate magmas of calc-alkaline to alkaline 
affinity, from H2O-poor to H2O-rich, and a wide range of pressures and temperatures, with moderately reduced to moderately oxidized conditions. 
The two formulations are in good agreement for our samples and yield similar crystallization temperatures among the centers (Table 5), and an 
apparent increase from Pasto Ventura (960-980 °C), to Carachipampa (985-1000 °C), to Campo Negro andesitic lava (995-1010 °C), to the Campo 
Negro basaltic enclave (1000-1020 °C), although we note that the differences are close to the estimated uncertainty of ± 22 °C (Ridolfi et al., 











Pressure calculations based on amphibole equilibria have been called into question by some authors (Bachmann and Dungan, 2002; 
Erdmann et al., 2014; Putirka, 2016) and there is a high error (± 4 kbar) in the barometers developed by Ridolfi et al. (2010) and Ridolfi and 
Renzulli (2012). This is attributed to the poor sensitivity of Al concentrations to pressure change (Putirka, 2016, Zhang et al., 2017), combined 
with the dependence of pressure on water concentrations in the melt (Putirka, 2016). Taking the latter into account, Putirka (2016) proposed 
new calibrations that reduce the error to ±1 kbar. Applied to the Puna amphibole data, the calibration of Putirka (2016, eq. 7a) yields pressures 
that correlate very well with those of Ridolfi and Renzulli (2012, eq.1a and 1b), but the latter yield systematically lower values by about 1 kbar 
(Fig. 8B). Both the numerical agreement and the correlation of the values are worse for the Ridolfi and Renzulli (2012) equations 1c and 1d (Fig. 
8C, D), despite the recommendation of the latter by Ridolfi and Renzulli (2012, 2014) and Putirka (2016). The results suggest that high Ti-Al 
amphiboles from the Campo Negro center crystallized at higher pressure (8-6 kbar) than the low Ti-Al amphiboles at Pasto Ventura (4-3 kbar). 
The amphibole phenocrysts in the Carachipampa samples show considerable discrepancies among different barometers (Table 3), but all suggest 
relatively low crystallization pressures, similar to Pasto Ventura and in agreement with their low Al content.  
Mineral-melt equilibrium geothermobarometry based on olivine, clinopyroxene and orthopyroxene (e.g., Putirka, 2008) was also applied to 
the studied samples, following the methods and considerations explained in Maro et al. (2017a) (Table S6). When P-T estimations require input of 
melt H2O concentration, a minimum value of 3.5 wt.% was considered based on the stability of magnesio-hastingsite (Ridolfi et al., 2010). For 
both Northern and Southern Puna samples, clinopyroxene started to crystallize at 10 kbar and the temperature estimates indicates ~1150 to ~1170 
°C, in concomitance with olivine formation (~ 1150 °C - 1200 °C, see Table 6). Plagioclase thermometry (Putirka, 2008) applied to the Campo 










crystallization are higher than those estimated for amphibole, suggesting early crystallization of olivine and pyroxene assemblage before the 
magmas entered the amphibole stability field by cooling and rise in melt water contents (e.g., Sisson and Grove, 2003; Barclay and Carmichael, 
2004). The temperature estimates from plagioclase-melt thermometry in Campo Negro are similar to those for amphibole from the same center, 
suggesting that both minerals crystallized together. 
 Although the results of fO2 estimates following Ridolfi et al. (2010) and Ridolfi and Renzulli (2012) have significant uncertainties 
(Erdmann et al. 2014, Putirka 2016), they suggest relatively oxidized magma (1.2 to 1.4 log units above the NNO buffer for samples in the 
Southern Puna and less, ~0.5 log units above NNO, for Campo Negro lavas and basaltic enclave; Table 5). Finally, the water contents (following 
Ridolfi et al., 2010) of melts in equilibrium with amphibole were estimated at around 5 wt.%, with no significant difference between Southern 
and Northern Puna samples (Table 5).  
Significance of partial melting zones in the crust 
The compositional differences between the mafic centers in the Northern and Southern Puna in terms of amphibole may be related to their 
locations relative to zones of partial melting in the middle to upper crust inferred from geophysical anomalies, which differ greatly in size (Ward 
et al.. 2014) (Fig. 10). Thus, the Northern Puna Campo Negro center lies above the area of the Altiplano-Puna Magmatic Body (APMB, Fig. 
10A), which is a first-order feature related to a regional-scale Neogene ignimbrite province (e.g., Chmielowski et al., 1999; Kay et al., 2010; de 
Silva and Kay, 2018). By contrast, the Southern Puna centers Pasto Ventura and Carachipampa lie south of the APMB and above the border of the 
Cerro Galán Magmatic Body (Fig. 10B). Whereas the extent of the partial melting zone in the Southern Puna has probably never been wider 











thermally more mature crust (Ward et al., 2014). 
These contrasts in the structure of the crust below the mafic centers can affect the trajectories and duration of magma ascent to surface 
and, thus, their compositional evolution. We suggest that the smaller size and deeper location of the partial melting zone below the Southern 
Puna, and the location of the two centers at its margin (Fig. 10B), favored faster ascent of the hydrous magmas without significant stalling after 
leaving the deep crustal reservoir. The skeletal shape of amphibole phenocrysts in the Southern Puna centers supports this hypothesis. In contrast, 
the thicker and longer-lived Altiplano-Puna partial melting zone acted as a more efficient mechanical and/or rheological barrier for magma ascent 
in the Northern Puna. Those magmas therefore experienced considerable slowing of ascent in the mid-upper crust, which favored plagioclase 
saturation at lower pressure and/or due to water exsolution. Bulk-rock chemical and Sr-Nd isotope data reported by Maro et al. (2017a) support 
the idea that the APMB affected magma evolution in the Northern Puna centers more than those in the south.  
Preliminary implications for Cu transport in Puna mafic magmas 
From the few bulk-rock data available, the bulk-rock Cu concentrations in the Puna centers studied here appear to be similar although possibly 
lower in the Campo Negro center in the north (25g/g) than in Pasto Ventura and Carachipampa in the south (37 and 54 g/g, respectively, Table 
1). However, bulk-rock values can be misleading because of Cu loss prior to eruption, so Cu concentration in early-crystallized amphibole may be 
a better proxy for the magma concentrations, as suggested by Hsu et al. (2017).  
Our LA-ICPMS analyses of amphibole phenocrysts reveal considerable within-grain variations in Cu contents (Supplementary material, 
Table S9). Because our interest is in constraining Cu concentrations in the parental melt, this discussion uses only data from grain cores and 











consistently much lower in Cu, with 4-7g/g (ave. 4.6±1.5), than those from the Southern Puna centers. Amphibole from Pasto Ventura yielded 
values of 23-73 g/g (ave. 67±18, excluding two outliers with 234 and 240 g/g), and the highest Cu values were found in Carachipampa 
amphiboles, with 206-309 g/g (ave. 260±41, excluding one outlier at 73 g/g). Considering that DCu (amph/melt) values are considerably less than 
one (Lee et al., 2012; Liu et al., 2015; Hsu et al., 2017), the results imply high melt concentrations of Cu in the Southern Puna at the time of 
amphibole crystallization and correspondingly lower concentrations in the magmas beneath the Northern Puna centers when amphibole 
crystallization occurred.  
The low Cu concentration in Northern vs. Southern Puna mafic magmas inferred from the amphibole data could be interpreted as a feature 
of the primitive magmas in the two regions. However, the behavior of Cu in mafic magmas is complex and how amphibole Cu contents are affected 
depends on the relative timing of crystallization vs. Cu loss (or gain) and on the balance between Cu diffusion rates in amphibole and the ascent 
rates of the hosting magma magmas and/or longer residence time at depth (e.g., Chiaradia et al., 2012). More research in the Cu budget of these 
rocks including other mineral phases and their inclusions is needed to resolve this. It would also be useful to study the ultramafic xenoliths (mostly 
pyroxenites) that are known to exist in basaltic andesites in the Northern Puna region (Maro et al., 2016) because they may be cumulate residues 
derived from differentiation of primitive basaltic magmas at the base of the crust, as has long been postulated for the Central Andes arc (Hildreth 
and Moorbath, 1988). These xenoliths would be relevant to assess the hypothesis of early Cu loss by sulphide sequestration in the lower/middle 
crust (Lee et al., 2012; Chiaradia, 2014; Jenner et al., 2017; Hou and Wang, 2019).  
On the other hand, the Cu concentrations estimated for mafic magmas beneath the Southern Puna centers are well above the typical values 











unusually Cu-rich, possibly from remelting sulphide-bearing lower crust in the course of delamination postulated for this region (e.g., Kay and Kay, 
1993). Still, significant loss of Cu occurred after amphibole crystallization and the amphibole crystals did not readjust to the changing melt 
composition, possibly because of the relatively fast ascent (skeletal crystal forms). Detailed study is needed on the Cu budget in these rocks and 
their mineral phases to confirm and explain the apparent Cu enrichment in the Southern Puna primitive magmas, what prevented loss of Cu in the 
magmas prior to amphibole crystallization and what were the causes of Cu loss before eruptions.  
SUMMARY AND CONCLUSIONS  
Amphibole-bearing mafic andesites from the Neogene volcanism in the Puna plateau of the Central Andes indicate the presence of hydrous parental 
magmas in this region. This study focuses on the petrology and geochemistry of amphibole phenocrysts, associated minerals and host-rock 
composition from high-Mg andesitic lavas and a basaltic enclave from the Southern and Northern segments of the Puna. Two contrasting amphibole 
phenocryst types were found, a high Ti and Al group that is found in the Northern Puna basaltic enclave and host high Mg andesitic lava, and a low 
Ti and Al group, which occurs in all Southern Puna samples. Thermobarometric analyses imply crystallization in deep and hot reservoirs (1000-1020 
°C and 8-6 kbar) for the high Ti-Al type and middle to low pressures and somewhat lower temperatures (< 1000 °C and < 5 kbar) of formation for 
the low Ti-Al type. An olivine and clinopyroxene assemblage in the Southern Puna or orthopyroxene in the Northern Puna crystallized before 
amphibole, in both cases at around 10 kbar and at ~ 1200 °C.  
Chemical features of the Southern Puna lavas and of parental melts calculated from the amphibole trace-element partitioning suggest 
plagioclase-free, high pressure differentiation of hydrous magmas (high Sr/Y and La/Yb ratios, lack of Eu anomaly) whereas in the Northern Puna, 











shallower levels in the crust. These differences can be related to the presence of a large, ca. 11 km-thick partial melting zone (APMB) inferred from 
geophysics below the Northern Puna, which is less well-developed and deeper in the south. The APMB may have caused slower ascent and more 
interaction with felsic magmas and/or crustal assimilation in the Northern Puna magmas than in the south (see also Maro et al., 2017a). In addition, 
the high Ti and Al contents in amphibole phenocrysts in the high Mg andesites from the Northern Puna imply the participation of alkaline melts in 
this region.  
There are large differences in the Cu contents of amphibole from the Southern and Northern Puna. Copper contents are uniformly low (4-7 g/g) in 
the Northern Campo Negro center, while the amphibole from Pasto Ventura and Carachipampa in the south yielded wider ranges and higher 
values, typically 50-73 g/g, and about 200-400 g/g, respectively. These values give first evidence of a major difference between Cu in the 
respective magmas, with unusually high concentrations during amphibole crystallization and substantial loss of Cu before eruption beneath the 
Southern Puna. 
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Fig. 1. A) Location of the studied monogenetic centers in the Puna plateau. B) Enlarged views in Google Earth images of the Campo Negro, 
Carachipampa and Pasto Ventura monogenetic centers.  
Fig. 2. Classification diagrams for selected Puna amphibole-bearing mafic rocks. A) Total Alkalis vs. Silica diagram (after Le Maitre et al., 1989). 
B) K2O vs. Silica (Peccerillo and Taylor, 1976). 
Fig. 3. Compositional features of amphibole-bearing mafic rocks from the Puna Plateau. A) Extended multielement diagram normalized to the 
primitive mantle of Sun and Mcdonough (1989). B) Whole rock diagram of REE normalized to the chondrite of Sun and Mcdonough (1989). C) 
Whole rock Sr (g/g) vs. MgO (wt. %) contents. D) Whole rock Y (g/g) versus MgO (wt. %) contents. 
Fig. 4. Photomicrograph of amphibole skeletal phenocrysts in the Carachipampa lava. B) Photomicrograph of the main aspect of Pasto Ventura 
lava samples. C) BSE image of amphibole corona around an orthopyroxene phenocryst. D) Photomicrograph of the Campo Negro lava with 
amphibole, plagioclase and pyroxene. E) BSE image of orthopyroxene in the core of an amphibole phenocryst. F) Typical texture of the Campo 
Negro basaltic enclave.  
Fig. 5. A) Variation of MgO content (wt. %) from core to rim in a clinopyroxene of the Pasto Ventura lava. B) REE element composition of 
clinopyroxene of Southern Puna samples. Normalized to the chondrite of Sun and Mcdonough (1989). 
Fig. 6. Compositions of amphiboles from Southern and Northern Puna. A) Al2O3 vs. TiO2 content in weight percent. Light grey field corresponds to 
amphibole composition from Wittenbrink (1997), Lindsay (1999) and Risse (). Dark grey field corresponds to amphibole composition from 











Mcdonough (1989). C) Sr/Y vs. TiO2 (wt. %) values in amphibole phenocrysts. D) Amphibole REE contents normalized to the chondrite of Sun 
and Mcdounough (1989).  
Fig. 7. A) Cu contents (g/g) vs. TiO2 (wt. %) for the high and low Ti-Al groups of amphibole phenocrysts. B) Correlations between Cu and Li 
contents (in g/g) that follow the following linear trends: (a) Cu=1.527*Li+126.9, R=0.9; (b) Cu=4.197*Li-541.8, R=0.95; (c) Cu=4.8*Li-733.3, 
R=0.9; (d) Cu=1.9*Li-17, R=0.4. 
Fig. 8. P-T calculations. A) Comparison of amphibole thermometers of Ridolfi et al. (2010) and Putirka (2016). Symbols as in previous figures. B, 
C and D) Comparison between barometers of Ridolfi and Renzulli (2012) (equations 1b, 1c, 1d) and the barometer of Putirka (2016). Symbols as 
in previous figures.  
Fig. 9. A) K2O vs. TiO2 composition of amphibole. Dashed lines separate the compositional fields of amphibole from alkaline (A) and subalkaline 
(SA) series after Molina et al. (2009). B) K vs. Al composition of amphibole. Dashed lines separate the compositional fields of amphibole from 
alkaline and subalkaline series according to Ridolfi and Renzulli (2012). Light grey field corresponds to amphibole composition from Wittenbrink 
(1997), Kraemer (1999), Lindsay (1999) and Risse (2008). Dark grey field corresponds to amphibole composition from Derruelle (1991). C) 
Plot of Sr/Y vs. Y of predicted compositions of amphibole equilibrium melts (calculated by multiple regression equations according to Humphreys 
et al. (2019)) used to define adakite magmas (Defant and Drummond, 1990; Chiaradia et al., 2009). D) Plot of La/Yb vs. Yb from predicted 
compositions of amphibole equilibrium melts used to define adakite magmas (Defant and Drummond, 1990; Chiaradia et al., 2009).  
Fig. 10. Bouguer gravity anomaly maps of the study areas based on the model of Prezzi et al. (2009). A) Northern Puna. B) Southern Puna. The 











Altiplano Puna Volcanic Complex (APVC).  
Table 1. Bulk-rock chemical composition on anhydrous bases of the amphibole-bearing lava samples and enclave from Southern Puna (SP) and 
Northern Puna (NP) Neogene monogenetic centers. AN: Carachipampa. PVD: Pasto Ventura. CN09: Campo Negro.  
Sample AN-13 AN-15 PVD-6 PVD-7 PVD-8 CN09-02 CN09-11 CN09-12Mi CN09-13 CN09-13Mi CN09-05 
Location SP SP SP SP SP NP NP NP NP NP NP - enclave 
Lat (S) 26.572 26.569 26.728 26.729 26.728 23.061 23.060 23.059 23.058 23.058 23.061 
Long (W)  67.442 67.445 67.206 67.208 67.211 66.648 66.642 66.640 66.638 66.638 66.648 
Mg# 62 64 60 59 61 61 62 63 62 63 65 
major elements in wt.% 
SiO2 57.04 57.48 58.02 59.50 58.31 57.37 56.72 57.74 58.39 58.09 51.02 
TiO2 1.03 0.94 1.11 1.04 1.08 1.16 1.23 1.17 1.17 1.23 2.24 
Al2O3 13.92 13.34 13.29 13.68 13.54 15.65 16.56 15.65 15.21 15.29 15.63 
Fe2O3 7.45 7.37 7.41 6.87 7.33 7.97 8.21 8.03 7.98 8.12 9.47 
MnO 0.11 0.11 0.11 0.11 0.12 0.11 0.11 0.10 0.10 0.11 0.11 
MgO 6.19 6.48 5.65 5.06 5.68 6.18 6.12 6.12 6.03 6.34 8.99 
CaO 7.95 8.10 7.88 6.91 7.27 5.91 5.75 5.64 5.91 5.59 7.96 
Na2O 3.93 3.96 3.79 3.91 3.79 2.48 2.28 2.30 2.11 2.15 2.20 
K2O 1.98 1.84 2.25 2.45 2.38 2.84 2.68 2.91 2.78 2.74 2.15 
P2O5 0.40 0.37 0.49 0.48 0.50 0.34 0.35 0.34 0.34 0.33 0.22 
LOID 1.12 1.24 1.20 1.49 1.39 0.51 1.20 0.70 1.60 1.10 0.65 
total 100.42 100.10 100.45 100.78 100.97 100.00 100.00 100.00 100.00 100.00 98.80 
trace elements in g/g 
Cu  54   37      25 
Ba 645 602 683 754 730 884 879 930 939 872 558 
Sr 906 910 805 818 807 480 495 481 579 491 523 
Rb 51 50 59 68 63 112 108 122 99 110 68 
Cs 2 2 3 3 3 11 12 20 
 
18 6 











Ta 0.7 0.6 0.9 1.0 1.1 1.6 1.6 1.6 
 
1.6 1.1 
Zr 180 172 215 213 218 203 216 200 257 188 148 
Y 19 19 21 21 21 25 26 26 25 27 43 
Cr 295 350 298 239 259 384 365 387 359 391 570 
Ni 128 138 85 81 88 89 47 121 64 108 126 
La 69 66 58 62 63 45 50 46 
 
46 40 
Ce 130 125 110 115 117 85 94 87 
 
94 84 
Pr 13 13 11 12 12 10 11 11 
 
10 10 
Nd 49 49 43 45 47 37 41 39 
 
40 44 
Sm 7.7 7.9 7.0 7.5 7.7 7.1 7.7 7.4 
 
7.6 9.3 
Eu 2.0 1.9 1.8 1.9 1.9 1.7 1.9 1.8 
 
1.8 2.3 
Gd 6.4 5.8 6.2 6.0 6.3 5.8 6.1 6.1 
 
6.3 10.2 
Tb 0.7 0.7 0.7 0.7 0.7 0.8 0.9 0.9 
 
0.9 1.4 
Dy 3.9 3.7 3.8 4.0 4.0 4.4 4.7 4.7 
 
5.4 7.7 
Ho 0.7 0.7 0.7 0.8 0.8 0.9 0.9 0.9 
 
1.0 1.4 
Er 1.9 1.9 2.1 1.9 2.3 2.3 2.5 2.5 
 
2.7 4.0 
Tm 0.2 0.2 0.2 0.3 0.3 0.4 0.4 0.4 
 
0.4 0.5 
Yb 1.8 1.9 1.8 1.8 1.8 2.2 2.4 2.3 
 
2.5 3.5 
Lu 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.4 
 
0.4 0.5 
Hf 5 5 6 6 6 5 6 5 5 6 4 
Th 10 9 11 12 12 12 13 12 
 
11 7 




*Total iron expressed as Fe2O3 
Table 2. Chemical composition of representative anhydrous mineral phenocrysts in the amphibole-bearing lava samples and enclave from 
Southern and Northern Puna Neogene monogenetic centers. 











Sample PVD6 PVD7 PVD8 AN13 AN15 CN09-2 CN09-5 
Mineral  Ol Cpx Cpx Cpx Ol Cpx Ol Cpx Opx Pl Opx Pl 
SiO2  37.93 51.18 51.20 50.88 39.38 50.51 39.07 47.99 55.63 48.00 54.00 49.54 
TiO2  0.09 1.08 0.91 1.11 0.06 0.71 0.00 1.48 0.20 
 
0.33 0.01 
Al2O3  0.00 4.62 3.39 3.48 0.02 4.28 0.02 5.74 2.08 32.94 3.53 32.34 









     
FeO 16.56 5.81 7.01 8.58 14.59 7.31 15.14 8.39 7.56 0.26 8.15 0.23 
MnO 
 







MgO 44.93 14.48 15.84 15.56 45.58 15.81 45.45 14.49 32.96 
 
31.89 0.05 
CaO 0.02 21.91 20.73 19.85 0.11 20.22 0.09 20.92 0.94 15.54 1.14 14.63 
Na2O 
 




0.36 0.02 2.39 0.04 2.73 
K2O 




Total 99.71 100.02 99.81 100.11 100.05 99.76 100.08 
 
100.18 99.30 100.10 99.98 
An 












































     
Cr# 
            
Mg# 
 





   
Ol olivine, Cpx clinopyroxene, Opx orthopyroxene, Pl plagioclase. 
Data are single point analyses of phenocryst cores.  
Table 3. Representative major element composition of amphibole phenocrysts in the amphibole-bearing lava samples and enclave from Southern 
and Northern Puna Neogene monogenetic centers. 











Grain 6-2 6-2 19-1 19-1 16-1 16-1 8-1 8-1 16-1 16-1 
Position c r c r c r c r c r 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cl 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.03 0.04 0.03 
SiO2 42.28 43.22 42.87 42.67 41.75 43.10 43.39 44.07 42.88 44.06 
Al2O3 11.86 10.84 11.94 11.74 12.69 11.85 13.09 12.23 12.86 11.12 
K2O 0.91 0.87 0.96 0.94 0.93 0.85 1.02 0.93 0.92 0.83 
TiO2 2.72 2.64 2.54 2.71 2.68 2.53 2.59 2.41 3.00 2.60 
Cr2O3 0.10 0.15 0.15 0.15 0.12 0.07 0.07 0.17 0.06 0.15 
CaO 11.11 11.40 11.00 11.31 11.06 11.05 10.86 10.97 10.68 11.22 
BaO 0.13 0.12 0.04 0.06 0.19 0.17 0.13 0.08 0.17 0.19 
Na2O 2.37 2.25 2.38 2.37 2.52 2.34 2.51 2.45 2.37 2.26 
MgO 15.91 16.08 15.14 16.27 14.84 15.97 15.77 16.71 13.86 16.32 
FeO 9.49 9.57 10.40 8.65 10.62 9.65 9.08 8.24 11.52 9.04 
MnO 0.10 0.11 0.13 0.12 0.14 0.13 0.12 0.10 0.11 0.11 
Total 97.00 97.27 97.59 97.02 97.58 97.74 98.67 98.39 98.47 97.93 
 
Sample AN13 AN13 AN13 AN13 AN15 AN15 AN15 AN15 
Grain 1-1 1-1 2-2 2-2 4-6 4-6 8-4 8-4 
Position c r c r c r c r 
F 0.03 0.00 0.02 0.02 0.00 0.00 0.06 0.02 
Cl 0.04 0.03 0.04 0.03 0.03 0.03 0.03 0.02 
SiO2 43.73 42.68 42.59 42.97 42.24 42.83 42.54 42.79 
Al2O3 11.50 12.14 12.45 12.23 12.53 12.34 12.16 12.37 











TiO2 3.08 2.96 2.92 3.00 2.87 2.68 2.62 2.64 
Cr2O3 0.05 0.15 0.15 0.16 0.31 0.34 0.38 0.35 
CaO 11.86 11.89 11.77 11.88 11.75 11.76 11.81 11.57 
BaO 0.09 0.06 0.12 0.13 0.18 0.17 0.16 0.14 
Na2O 2.28 2.27 2.38 2.41 2.30 2.35 2.31 2.25 
MgO 16.19 15.77 15.87 15.94 15.89 16.17 16.27 16.23 
FeO 9.79 9.88 9.84 9.99 9.72 9.32 8.98 9.09 
MnO 0.12 0.08 0.12 0.11 0.11 0.07 0.10 0.12 
Total 99.40 98.63 98.97 99.54 98.56 98.78 98.12 98.31 
 
Sample CN09-2 CN09-2 CN09-2 CN09-2 CN09-5 CN09-5 CN09-5 CN09-5 
Grain 14-2 14-2 15-1 15-1 6-2 6-2 15-1 15-1 
Position c r c r c r c r 
F 0.02 0.00 0.02 0.00 0.06 0.02 0.00 0.00 
Cl 0.04 0.04 0.02 0.03 0.04 0.03 0.04 0.03 
SiO2 39.89 40.33 41.47 41.51 41.43 41.76 41.95 42.37 
Al2O3 14.04 13.67 14.01 14.19 13.90 14.03 13.63 13.74 
K2O 1.40 1.37 1.20 1.20 1.28 1.31 1.28 1.26 
TiO2 3.54 3.19 2.97 3.08 3.89 4.16 3.45 4.03 
Cr2O3 0.09 0.06 0.06 0.00 0.11 0.11 0.18 0.23 
CaO 11.61 11.54 11.51 11.45 11.51 11.57 11.59 11.72 
BaO 0.14 0.21 0.09 0.20 0.15 0.11 0.18 0.17 
Na2O 1.93 1.88 2.11 2.11 1.86 1.89 1.90 1.91 
MgO 15.05 14.64 15.53 14.82 14.51 13.87 14.36 14.10 











MnO 0.10 0.12 0.09 0.09 0.10 0.14 0.14 0.09 
Total 97.33 97.09 98.35 98.63 98.78 99.29 98.82 99.20 
 
c core, r rim. 
Data are single point analyses of phenocryst.  
Table 4. Representative LA-ICPMS analyses of trace element composition of amphibole phenocrysts. 
 
Sample PVD8 PVD8 PVD8 PVD8 AN15 AN15 AN15 CN09-5 CN09-5 CN09-5 CN09-5 
Grain 8-1 8-1 16-1 16-1 4-6 8-4 8-4 6-2 6-2 15-1 15-1 
Position c r c r c c r c r c r 
Cu 52 13 23 52 206 73 343 4 
 
4 4 
Li 139 133 146 195 191 171 145 46 48 55 47 
Sr 411 366 341 353 524 577 539 416 357 418 394 
Rb 4.10 4.17 4.22 4.47 2.67 2.55 2.55 8.01 7.22 8.57 7.78 
Nb 45 47 6 11 6 6 6 12 14 11 12 
Ta 0.27 0.24 0.33 0.44 0.30 0.32 0.28 0.59 0.66 0.59 0.64 
Zr 6.31 5.51 46.24 60.30 71.53 68.71 63.21 70.99 67.34 65.74 59.72 
Hf 2.07 1.82 2.08 2.48 
 
3.29 2.97 3.31 3.07 3.10 2.89 
Y 17.18 16.27 17.02 30.01 28.39 28.66 27.40 47.02 45.04 51.33 41.55 
Ni 353 349 345 232 367 6 6 78 86 83 82 
La 7.25 6.21 5.63 9.51 11.22 12.64 11.80 12.62 11.22 13.33 10.93 
Ce 27.68 22.92 20.70 35.94 40.99 45.06 41.99 46.95 41.82 47.23 39.23 
Pr 4.42 4.08 3.79 6.41 7.26 7.88 7.20 8.32 7.61 8.40 7.26 
Nd 23.61 22.29 21.20 32.68 38.47 42.88 39.84 46.62 40.81 44.67 38.96 
Sm 6.29 5.98 5.70 8.70 9.92 10.45 10.45 13.27 11.71 12.70 11.34 











Gd 5.59 5.56 5.22 8.00 9.23 9.22 9.05 12.78 11.37 13.22 11.50 
Tb 0.71 0.64 0.72 1.10 1.19 1.20 1.17 1.73 1.70 1.87 1.61 
Dy 4.02 3.79 3.81 6.18 6.50 6.71 6.13 10.30 9.93 10.08 9.10 
Ho 0.70 0.72 0.71 1.12 1.16 1.16 1.12 1.89 1.79 2.00 1.64 
Er 1.83 1.65 1.72 3.09 3.01 2.92 2.83 5.10 4.77 4.87 4.29 
Tm 
  
0.24 0.41 0.35 0.37 0.34 0.62 0.60 0.63 0.54 
Yb 1.15 1.09 1.32 2.32 2.10 2.13 2.07 3.59 3.62 3.58 3.10 
Lu 
   
0.34 0.29 0.31 0.30 0.49 0.46 0.49 0.41 
Pb 4.69 0.74 0.84 3.63 0.86 0.81 0.85 1.47 1.30 1.40 1.26 
c core, r rim. 
Data are single point analyses of phenocryst. 
Table 5. Conditions of crystallization for selected amphiboles.  









(wt. %)  
  R10 P16 R10 RR12 (1a) RR12 (1b) RR12 (1c) RR12 (1d)  P16  R10 R10 RR12 
PVD6 6-1 995 981 3.9 7.1 4.2 4.7 8.2 3.8 1.6 5 65 
PVD7 9-2 975 962 4.0 6.0 4.1 4.4 6.4 5.6 1.1 5 64 
AN13 16-1 1006 1006 4.0 6.4 4.4 4.9 5.7 5.8 1.1 5 59 
AN13 20-2 1008 1006 4.1 5.4 4.3 4.7 4.8 5.0 1.2 5 58 
AN15 1-1 996 991 4.0 5.7 4.3 4.8 5.2 5.3 1.3 5 60 
AN15 12-1 989 985 3.9 5.1 4.1 4.5 5.1 4.8 1.1 5 61 
CN09-2 2-1 1013 998 5.5 7.0 6.2 5.9 6.1 6.4 0.7 5 56 
CN09-2 2-1 1006 994 4.8 6.1 5.4 5.5 5.4 5.8 0.7 5 58 
CN09-5 5-1 1024 1008 6.0 6.8 6.5 5.9 6.1 6.4 0.5 5 55 
CN09-5 6-2 1015 1000 5.6 6.3 6.2 5.8 5.2 6.0 0.6 5 55 
 











equations of Putirka (2016). 
Table 6. Conditions of crystallization for selected olivine, clinopyroxene, orthopyroxene and plagioclase. Temperature in °C and pressure in kbar. 
Sample Putirka et al. (2007) Putirka (2008) 
 
Eq. 4 Eq. 32c Eq. 33 Eq. 28a Eq. 29b Eq. 24a 
 
Tol Pcpx Tcpx Topx Popx Tpl 
AN13 1135 11 1150    
AN15 1140 10 1145    
PVD6  11 1150    
PVD7  10 1140    
PVD8  10 1175    
CN09-2    1185 9 1120 
CN09-5    1212 10 1150 
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monogenetic centers of the Puna 
produced mafic rocks with 












 Amphiboles are compositionally diverse between Southern and Northern Puna.  
 Chemical contrasts reveal high vs low pressure differentiation of hydrous magmas. 
 High concentration of Cu during amphibole crystallization in the Southern Puna. 
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